The aim of this work is to develop a model to simulate the high frequency (HF) welding process for cladded pipes and to find process parameters to solve the inconvenient power proportion between the cladding layers. A 2D model of HF pipe or profile welding was created. This model considers the most important parameters of the longitudinal HF-welding process of thin walled cladded pipes. Effects of welding speed, current frequency and material properties have been examined. The material combination of the metal sheets contains S235 as the carrier material and the corrosion resistant alloy 625 for the inner tube cladding. The results have been compared to an available experiment and to gain the basic validation of the model. An approach is proposed to facilitate high frequency welding of cladded pipes under consideration of industrial requirements for a chosen material combination.
Introduction
Corrosive and abrasive environments require for expensive pipe materials of high corrosion and abrasive resistance. To reduce the amount of such materials in the application and to produce highly resistant pipes in a continuous process are economic driving forces. Pipes for challenging environments can be metallurgically cladded to reduce the amount of highly resistant materials. But these pipes can only be produced in discontinuous production processes until today. Usually, they consist of a ferritic backing steel on the outside and an austenitic stainless steel or nickel-based alloy on the inside. The metallurgical cladding is industrially performed by cold or hot rolling, as well as explosion cladding. Until now, continuous production of cladded pipes from coil-material longitudinally welded by HF-induction welding was not applied to cladded pipe materials in the industry. The biggest advantage of induction welding comes with the ability of high production velocities of up to 200 m/min (Grande and Waerstad, 2011) . In contrast, arc and laser welding, having welding speeds for comparable wall thicknesses of less than 3.5 m/min (Meng et al., 2014; Sabbaghzadeh et al., 2008) . A preliminary experiment was performed at the Technische Universität Chemnitz, which demonstrated the challenges of longitudinal HFI welding of cladded pipes for smaller tubes and is analysed in this work.
The model
A 2D model was created with the ability to represent the main parameters of the longitudinal welding of profiles or tubes. The model is computed in the ANSYS Mechanical APDL with weak electromagnetic-thermic coupling. The model is performed with the FE method to solve the Maxwell equations in the time harmonic domain and the heat equation by Fourier's law in the transient domain. The geometry of the model corresponds to an abstract conductive setup, shown in Figure 1 and the model allows to consider the most significant geometrical and process parameters such as, distance of welding point to inductor, welding angle and feed rate in a comparative mode. So, the model includes the welding speed v , the welding angle α and the distance from current source as (corresponds inductor position). The thickness of each layer is taken into account by d1 and d2. Also, the cladded stripe can be modelled with respect to the individual material property of each layer. 
Material properties and physical relation
The most important challenges in the longitudinal HF-welding process are related to the heterogeneous material properties of the investigated alloys. To obtain simulation results that can be used for the process design, the material properties of the cladded layers must be determined as accurate as possible. This is especially important as the power allocation between the two layers is strongly dependent on the material properties. The electromagnetic properties have a direct repercussion on the solution and have the strongest effect. The thermal properties are influencing the electromagnetic properties due to temperature distribution and are responsible for the heat distribution over time. All parameters must be considered as a function of temperature, as the heating starts from ambient temperature and proceeds until the melting points of the used metals is reached. The electric resistivity and the thermal conductivity of the steel S235 and alloy 625 are shown in Figure 2 . Heat conductivity k and the electrical resistivity ρ of used steels S235 (Nörenberg, 2017) • AISI 304 (Allegheny Ludlum Corporation Pittsburgh, 1998)
• alloy 625 (M. Woite GmbH, 2017)
• Figure 2 .
In addition a third austenitic steel alloy 304 is described in the graph and will be used for a validation experiment bellow.
The heat conductivity below Curie temperature of S235 is around three times as high as the cladding material alloy 625 and 304. In order to compensate this behaviour, the timeframe of the welding process must be minimised by higher welding rates.
In the context of material precision a particular look on the relative magnetic permeability of the backing steel S235 is made. Except the consideration of temperature depending change up to the Curie temperature, magnetic field dependence must also be taken into account. The complex relative magnetic permeability is described by equation (1).
The complex magnetic permeability r µ can be reduced to the real part of ' r µ by negligence of the imaginary part ' ' r µ . Ansys Mechanical finite element analysis calculates the joule heat losses in the materials, without considering the phase shift of magnetic field and magnetic flux due to material losses. As the used ferromagnetic steel are soft magnetic materials (IEC, 2016) that exhibit low hysteresis losses (Dobák et al., 2017) , the hysteresis losses are not taken into account for this calculation. Equation (2) (Lim and Hammond, 1970) and shown in Figure 3 (a), the magnetic field dependency of material S235 can be defined.
For the temperature-field dependence of magnetic permeability, equation (3) is used, with a function ( ) T ϕ representing the temperature dependence of the permeability. This dependence is taken from (Nacke, 1987, p.76) and redrawn in (Figure 3(b) ).
( ) ( ) ( ) In HF-pipe welding, the consideration of field dependent magnetic permeability allows to look on the effect of magnetic saturation. For higher currents, the magnetic saturation is increased following 1. Maxwell law (4) and equation of Fisher (2).
The Maxwell law combines the dependency of magnetic field H to current density J and displacement current density D. For a given material combination and thickness, there are two ways to increase the current, while keeping approximately the same joule heat power per volume in the required HAZ of the welding edges. One option is to increase the welding velocity and to compensate the higher mass flow by higher welding currents. The other option is to decrease the frequency. According to equation (5), this results in a higher skin depth in the work piece. Therefore, the current has to be increased to keep the joule heat in the HAZ constant.
The skin depth δ depends on material properties of the conductor, such as electrical resistance ρ , magnetic permeability 0 r µ µ × and current frequency f . It is possible to control the power proportion between the layers by the electrical resistance of each layer. The electric resistance depends on the current frequency, the current density and temperature change. The electric resistance between the ferritic and austenitic layer can be controlled to a certain extent by the current frequency and the magnetic saturation which in turn can be controlled by the applied current.
Solution algorithm
For the solution algorithm weak electromagnetic-thermal coupling is used (Figure 4) . The model uses sequential computations of both problems and transfers results into each solution domains for next time step. The electrical solution generates the heat sources that set the boundary condition in the thermal solution. The thermal solution has a backflow of temperature distribution data that determines the material properties in the electrical solution in the next time step. The sequence duration, between the electromagneticthermal switch, is predefined by the time step ∆t . In general, the solution accuracy increases with the decrease of time step duration. For the presented calculations, time steps of ∆ 0.5 ms t ≤ need to be used to cover up all effects of temperature change over the heating time. The tangential movement of the edges toward each other are realised by shifting the temperature matrix into the next time step model.
The consideration of the permeability needs an additional algorithmic calculation and convergence criteria as shown in Figure 4 . The standard weak electromagnetic-thermal coupling algorithm is complemented by an additional loop for permeability adaptation. The decision criterion is the power balance between the ferromagnetic material Below Currie temperature, 3 to 4 additional electromagnetic solution steps were performed to fulfil the criterion. By heating the edge surface over Curie temperature, the ferromagnetic influence decreases rapidly and only 2 comparison steps have to be made to realise the desired power allocation.
Experimental validation
An experiment at Technische Universität Chemnitz was used to obtain input data for the model and to get insights into the physical process. In the experiment, an austenitic stainless steel (Alloy 304) pipe of 22 mm diameter and 1 mm wall thickness was inserted in a ferritic steel (S235) pipe of 26 mm diameter and 2 mm wall thickness. The experiment was performed as a preliminary investigation for a collaborative project between the Leibniz University of Hannover and Technische Universität Chemnitz. The experimental results can be applied for the validation of the numerical model and help to understand the physical correlation within the process. The setup for the experiment is shown in Figure 5 . For that setup, the experimental welding provides evidence for insufficient heating of the ferritic steel layer as the material was not melted in the joining area ( Figure 6 ). As a consequence, the inner material is squeezed out to the surface under the compression applied by the squeeze rolls and solidifies. In this process, a solder connection between both materials is formed. Although the joint and the material composition of the corrosion resistant inner layer is consistent, the mechanical strength is lower than in a welded joint The simulation of this setup by the 2D model reveals the power and heat distribution that leads to this result. During heating, the power loss in the austenitic steel is higher, causing overheating. The electrical resistance of both materials depends on the skin depth and the electrical conductivity. The skin depth for AISI 304 austenitic stainless steel is higher due to the lower electrical conductivity (Figure 2 ) and the paramagnetic behaviour. Temperature induced microstructure changes cause changes of skin depths and electrical conductivity, so the electrical resistance varies over time for both materials. The electrical resistance itself has a direct effect on the joule heat distribution in both steel layers (Figure 7(a) ). The variating power allocation in the model (Figure 7(b) ) shows a high degree of non-linearity. Passing the Curie temperature at the surface, the heat sources were displaced to the austenitic steel. The power allocation indicates the tendency for overheating of the austenitic steel; the Joule heat source distribution, as shown in Figure 8 , verifies this assumption. Due to skin depth change over time, the Joule heat sources migrate from surface into deeper areas of the edges. As a result of the higher Joule heat in the AISI 304 steel and the lower heat conductivity the melting temperature is reached faster (Figure 9 ). The lower melting temperature of the austenitic steel further contributes to the early melting of the layer. This overheating, especially of the edges, would cause a melt flow along the outer pipe surface. Figure 6 shows the analogous experimental result with an outflow of the inner material to the upper weld seam. 
Adapted model
To avoid such an adverse heating regime, some steps have been investigated. The nickelbased Alloy 625, was chosen to analyse the change of homogeneity by simulation. Material properties of the paramagnetic alloy were obtained from (M. Woite GmbH, 2017). A higher welding rate of 15 m/min was chosen to decrease the effect of the thermal spread in the model. The welding angle was set to 5
α =°, as a compromise between diverging ideal values for austenitic and ferritic steels (Nacke and Baake, 2014, p.176) . To meet the demand for a larger power input at higher welding rates, higher welding currents have been applied. Following equation (4) this leads to a stronger magnetic saturation due to a stronger magnetic field. A larger magnetic field strength causes lower dependent relative magnetic permeabilities (Figure 3 -left) and an amplified heating of the ferritic steel. The progression of the Joule heat over time shows a time and temperature dependent balance in both materials Figure 10 -left. The nickel-alloy 625 increases the power absorption up to the Curie temperature is reached on the surface of the ferritic steel. This is primarily caused by the characteristically more temperature-constant electrical resistance below 800 C° for the nickel alloy in comparison to the ferritic steels (Figure 2(c) ). By exceeding the Currie temperature at around 0.04 s t = on the surface, the ferritic steel layer rapidly increases current density and thus Joule heat power. After passing the Currie temperature in the area of the skin depth, at around 0.06 s t = , the variation of the Joule heat stabilises at a higher level. During the heating period above Curie point, the main proportion of energy, which amounts to around 60% in the given calculation, is absorbed in the work piece. The temperature distribution before the edges get in contact shows a higher temperature of the ferritic material. The areas of molten material are shown as black regions in Figure 10 (right). The overheating of the top corner corresponds to the characteristic hourglass-shape in solid wall pipes and is largely frequency-dependent. Despite this, large areas of ferritic steel layer are close to the melting temperature in the contact zone. The nickel alloy, which has a 100-150 K lower melting point (Kozakov et al., 2013; Corrosion Materials, 2008) , is also close to the liquidus temperature and thus in a temperature range for welding. For the given material combination and geometry, a frequency-weld rate curve can be found as mentioned in a section above. But instead of keeping the same Joule heat power per volume in the HAZ, it is necessary to use the final temperature as the target function. For the curve, the melting temperature of the higher (backing steel) (Corrosion Materials, 2008) and the lower (cladding material) (Winczek, 2016) strip edge was chosen as the target.
The final temperature distribution depends on electromagnetic effects as well as on the thermal conduction in the two layers. For a stable heating of the stripe with approximately the same final temperature at the corners as mentioned above, a weld rate -weld frequency curve can be developed. Therefore, a fixed process geometry was chosen with a distance between inductor and weld point of 90 mm as = with a wall thickness of 2 mm and 1 mm for S235 respectively Alloy 625. The resulting curve in Figure 11 shows the relationship between frequency and welding rate. The trend shows that for higher weld rates the frequency need to be increased. The resulting temperature distribution is the decision criterion for the process and it is necessary to adapt the frequency and weld rate for each material and geometry combination. Changes of the material combination or the geometry of welding setup can shift the frequency-weld rate curve. For example, larger tube diameters require higher feed rates or higher frequencies, as the distance from inductor to the welding point and therefore the time frame is normally larger.
Conclusion and outlook
In this paper, a 2D model for pipe welding was used, which is capable to simulate the effects of a 2-layer welding process with the essential parameters. By means of this model, a solution for inconvenient power allocation could be found for thin walled cladded steel pipes, comprising a magnetic backing steel and a paramagnetic inner layer. The material properties are essential to obtain valid simulations, especially for the heating of the edges respectively the joining areas. The magnetic saturation effect must be considered and used to control the magnetic permeability which determines the heating of the two layers. Practically this can be achieved by the variation of welding velocity and current frequency. Thereby, the magnetic permeability is represented by the field dependency in the model. The presented simulation results show, that industrial scale weld rates can be realised for thin walled cladded pipes in longitudinal HF welding processes by the adaptation of electrical and material parameters. So far, this is a positive result for the continuing research. Upcoming investigations will include further material combinations and thick-walled cladded pipes up to 9-12 mm. In the presented work, influences of the inductor on the process were not considered and need to be investigated by full 3D models of the HFI welding process of cladded pipes. Simulations with 3D models and further experimental investigations will validate the 2D model presented.
